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Summary This study was carried out to test the hypothesis that induction of intracellular porphyrin synthesis by 6-aminolaevulinic acid (ALA)
used to sensitize cells in photodynamic therapy would be more efficient if the ALA was used in an esterified form. Contrary to expectation, the
generation of tetrapyrroles (TP) by cultured epithelial cells (CNCM-1-221) exposed to equimolar concentrations (0.6 mM) of ALA or its
methyl ester (ALA-ME) showed that the mean total TP production rate during 6 h incubation in serum-free medium was 0.13 fmol cell-' h-1 for
ALA-exposed cells compared with 0.04 fmol cell-1 h-1 for cells exposed to ALA-ME. Fluorescein diacetate uptake and conversion to
fluorescein indicated intracellular non-specific esterase activity, implying that ALA-ME conversion to ALA can occur. Cells exposed to ALA-ME
exhibited loss of a greater proportion of total tetrapyrroles in the form of extracellular protoporphyrin IX (PPIX; 22.8%) compared with 11.6%
in ALA-treated cells with a corresponding reduction in cell-associated PPIX (P < 0.05). A variable initial elevation in haem levels in ALA-ME-
treated cells was observed, but did not reach statistically significant levels.
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Exogenous 6-aminolaevulinic acid (ALA) is becoming widely
used as an inducer of endogenous synthesis of protoporphyrin IX
(PPIX), a photosensitizer used in photodynamic therapy (PDT)
(Dilkes et al, 1995; Leveckis et al, 1995; Chang et al, 1996;
Fromm et al, 1996). One of the limitations of this technique
may be the extent to which ALA can enter the cell. Hence,
improving the uptake of ALA would be expected to increase the
efficiency ofPDT.
Although, at present, the uptake pathway ofALA in mammalian
cells is not known, there are various non-specific routes by which
ALA may be transported (Washbrook et al, 1997). These include
uptake by diffusion or transport by specific membrane proteins
responsible for either import, export or both. It is possible that
ALA uptake may be altered by modifying groups on the ALA
molecule. For example, ALA methyl ester (ALA-ME) resembles
ALA except that its carboxyl group is methylated and therefore
does not carry a negative charge under physiological conditions.
Transport proteins, such as permeases, recognize their substrate by
the charged groups specific to the molecules, so altering the
groups may inhibit their uptake or alternatively result in the modi-
fied molecule being recognized by other transporters (Yudilevich
and Boyd, 1987). Export of the molecule may be prevented if a
transport protein exists that is responsible for regulating levels of
ALA inside the cell.
Because the lipid bilayer is relatively impermeable to charged
molecules, passive diffusion through the cell membrane is likely to
be governed to some extent by the charge on a molecule. If ALA
uptake occurs predominantly by diffusion, the absence ofcharged
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groups would be advantageous in that the permeability coefficient
ofthe molecule would be higher.
This paper examines the effectiveness of ALA methyl ester in
inducing the synthesis of tetrapyrroles, measured as the sum of
cell-associated protoporphyrin IX, haem and extracellular PPIX
compared with that of ALA in an established line of mammalian
epithelial cells.
MATERIALS AND METHODS
Chemicals
8-Aminolaevulinic acid (ALA), 6-aminolaevulinic acid methyl
ester (ALA-ME), protoporphyrin IX (PPIX), haematin and all
other chemicals were obtained from Sigma Chemical Co. Ltd,
Poole, UK. ALA and ALA-ME were dissolved in distilled water,
filter sterilized and stored at -18°C and defrosted immediately
before use.
Trixon X-100 was dissolved in phosphate-buffered saline (PBS;
Imperial Laboratories (Europe) Ltd, Andover, UK) to give a
concentration of 2%.
Cells and methods
Epithelial cells between passage number 17 and 25 from an
established line derived from rat hepatocytes (CNCM-I-221) were
cultured in polystyrene flasks (25 cm2 surface area) in minimal
essential Eagle medium (MEM) with Earle's salts, 2 mM L-glut-
amine, buffered with 20 mM Hepes (Imperial Laboratories).
The medium was supplemented with 7.5% sodium bicarbonate,
100 U ml' penicillin, 100 ,ug ml-' streptomycin and used with or
without fetal bovine serum (FBS) (Imperial Laboratories).
The cells were passaged with trypsin and seeded at approxi-
mately 5 x 104 cells ml-' in medium containing serum (10%) and
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Table 1 The relative proportion of tetrapyrrole present as cell-associated PPIX, extracellular PPIX and haem in cells exposed to ALA or ALA-ME for
2, 4 and 6 h
Exposure time Percentage of total tetrapyrroles
(h)
PPIX Haem s.d. P
Cell associated s.d. P Extracellular s.d. P
ALA
2 65.3 4.1 13.9 1.8 20.8 8.9
4 74.5 5.4 10.9 1.5 14.6 4.0
6 77.2 3.8 10.1 1.1 12.6 2.3
ALA-ME
2 44.4 8.6 0.0349 26.0 1.1 0.0012 29.6 15.6 0.529
4 52.0 6.4 0.0181 22.0 3.6 0.0149 26.0 14.9 0.356
6 61.3 2.1 0.0061 18.9 4.0 0.0387 19.8 9.0 0.335
The values are given as percentages of total tetrapyrrole with standard deviation (s.d.). The statistical significance of the paired comparisons for each time point
are shown (P).
incubated in loosely capped flasks for42 h at 37°C in a humidified
atmosphere of2% carbon dioxide.
For experiments, the culture medium was replaced with 5 ml of
fresh serum-free medium (SFM) containing 1 gM fluorescein
diacetate and 0.6 mM ALA or 0.6 mM ALA-ME, and cells were
exposed for periods of0, 2, 4 and 6 h.
Non-fluorescent fluorescein diacetate was added to the medium,
and the amount taken up by the cells and converted to fluorescein
was determined. This was used to give an estimation of cellular
non-specific esterase activity to ascertain the extent to which
ALA-ME conversion to ALA could occur once internalized.
The spent medium was retained, the cells washed three times
with PBS and drained. An aliquot of 2% Triton X-100 (3 ml) was
added to each flask and incubated for 1 h at room temperature to
extract cellular contents, while Trixon X-100 (f.c. 2%) was added
to the spent medium to dissolve extracellular porphyrins.
Porphyrins in the medium and in the cells were determined
fluorometrically as described previously (Washbrook et al, 1997).
The 'HemoQuant' test (Schwartz et al, 1983) was used to deter-
mine the intracellular haem levels. Cellular protein was deter-
mined using the bicinchoninic acid protein determination kit
(Sigma) adapted from a method used by Smith et al (1985), and
from this the cell number was calculated using a calibration curve
as described by Washbrook et al (1997).
Fluorescein in the cell extract was also measured by fluorimetry
(emission at 519 nm, excitation at 491 nm) and the amount of
fluorescein per cell was calculated from a calibration curve
derived using carboxyfluorescein as standard.
All data points were obtained from triplicate estimations and
statistical evaluation was by the two-tailed Student's t-test.
RESULTS AND DISCUSSION
Total tetrapyrrole production in cells exposed to
exogenous ALA and ALA-ME
The total tetrapyrrole was calculated as the sum of the extracel-
lular PPIX, cell-associated PPIX and haem produced per cell over
2, 4 and 6 h. As Figure 1 illustrates, the amount of tetrapyrroles
generated in cells exposed to ALA for 6 h reached about
0.75 fmol cell-l, which is approximately 3.5 times greater than in
cells exposed to ALA-ME for the same period. The rates of
tetrapyrrole accumulation over 2, 4 and 6 h, respectively, were
0.144, 0.131 and 0.126 fmol cell h-' for cultures exposed to ALA
and 0.044, 0.04 and 0.036 fmol cell-l h- for cultures exposed to
ALA-ME. These differences are statistically significant (P <
0.003). Table 1 shows that in ALA-ME-treated cells the relative
amount of PPIX lost from the cells was greater (on average 22.8 ±
4.2% of the total TP synthesized over 6 h) than in ALA-treated
cells (on average 11.6 ± 2.1% ofthe total TP synthesized over 6 h).
This might suggest an effect ofthe methyl ester on the integrity of
the cell membrane. However, no signs ofcytotoxicity were evident
in cells exposed to ALA-ME. Haem synthesis was not inhibited,
haem constituting a higher proportion of total TP in ALA-ME-
exposed cells (Table 1), although the differences were not statisti-
cally significant.
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Figure 1 The total tetrapyrroles produced per cell after exposure to 0.6 mm
ALA (FS) and 0.6 mm ALA-ME (U) for 2, 4 and 6 h. The haem cell-' value
obtained from cells before ALA or ALA-ME addition has been deducted from
each time point to give total tetrapyrroles induced by ALA or ALA-ME
addition. Error bars show standard deviations
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MNSI 0 Figure 3 The fluorescence spectra of fluorescein (0.12 mM) and PPIX
6 (0.1 ,UM) in 2% Triton X-100 when excited with 403 nm wavelength light
showing minimal overlap. PPIX does not contribute to the fluorescein
emission and approximately equimolar fluorescein contributes less than
1.3% to the PPIX emission at 634 nm
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Figure 2 Fluorescein content per cell after exposure to 0.6 mm ALA (ES),
0.6 mm ALA-ME (M) for 2, 4 and 6 h (A) and in control cells (E]) for 1, 2, 3
and 4 h (B). Error bars show standard deviations
Fluorescein levels
Fluorescein levels in the medium at 0 h were measured to discount
spontaneous hydrolytic conversion of fluorescein diacetate to
fluorescein. No significant fluorescence was found.
The fluorescein levels (about 40-100 attomol cell-') reached in
cells exposed to either ALA or ALA-ME over 2, 4 and 6 h (Figure
2) imply similar levels of intracellular esterase activity. However,
in both cases they exceeded the fluorescein level in control cells,
which was about 20-30 attomol cell-'. This was not caused by
spectral interference of PPIX (see Figure 3). The attainment of a
steady-state level of intracellular fluorescein may imply that
significant metabolic modification or degradation occurs, and the
higher levels and fluctuations in intracellular fluorescein observed
in cells exposed to ALA and ALA-ME may reflect secondary
effects on the degradation pathway, or possibly export.
Our results show that, under the same conditions, ALA-ME is
approximately 70% less effective in stimulating tetrapyrrole
synthesis than ALA in cultures of CNCM-I-221 cells. The reason
for this could be either that ALA-ME is not taken up by cells so
readily as ALA or that ALA-ME remains as a methyl ester once in
the cell and cannot be used as a substrate for porphyrin synthesis.
However, it is unlikely that the methyl esterremains unhydrolysed,
as fluorescein diacetate is taken up by the cells and converted to
fluorescein, showing that esterases are active.
The results suggest that ALA transport may be regulated by
transport proteins rather than occurring by diffusion. ALA-ME,
being an uncharged molecule, would be expected to penetrate cells
more readily, whereas the effectiveness ofALA-ME as an inducer
of tetrapyrrole synthesis was diminished by comparison with
ALA. If ALA enters the cell by a transport pathway, it is possible
that either an importer fails to recognize ALA-ME or that an
exporter is more effective at expelling ALA-ME than ALA.
Peng et al (1996) have reported the comparative uptake and
distribution of ALA and three esters with differing alkyl substitu-
tion (methyl, ethyl and propyl) when applied to the mouse skin in
the form of a cream. Their data show that ALA is more widely
distributed in the body than the corresponding esters, suggesting
more rapid transcutaneous uptake of the unesterified amino acid.
Our data suggest that, in general, ALA-ME is less effective than
ALA at inducing the synthesis ofprotoporphyrin IX.
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